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A comparison of mono and multivalent linkersand their effect on the colloidal

stability of nanoparticle and immunoassays per for mance.

Vladimir Gubald’, Xavier Le Guevé| Rob Nooney; David E. William$ and Brian MacCraith
! Biomedical Diagnostics Institute, Dublin City University, Glasnevin, Dublinédand

2Mac Diarmid Institute for Advanced Materials and Nanotechnology, Departm@ftemhistry, University
of Auckland, Private Bag 92019, Auckland 1142, New Zealand

Abstract

When designing devices for biomedical diagnostics, increasing the signal taat@sis often
critical for achieving clinically relevant sensitivity and limits @étection (LOD). In antibody-
based assays, the measured signal can be amplified through the replacement of rmolecula
fluorophores with doped nanoparticles (NP). However, the benefits of using NRmlgabe
realized if the NPs are coated efficiently with detection antibody, have good coBtadblty

and the ratio of specific to non-specific binding (NSB) is high enough. The n@is @ this
paper is on the optimization of the bioconjugation protocol for antibody labafliNg’s leading

to improved assay performance. Two types of linkers were used: monovalent linkers
(glutaraldehyde; sulfo-SMCC; and sulfo-SIAB), and three generations oficensl endowed

with multivalent carboxylic functionality. Overall, the NP-IgG conjugatesppred using
multivalent linkers showed a significantly lower LOD and higher sensitiligy their homo- or
hetero-functional counterparts. The multivalent dendrimers also improved NP tystabidi
reduced aggregation. Moreover, the dendrimers showed a higher reactivity withichiolog

material, a feature that could significantly reduce the cost of high-throughput biodiagresttics t

I ntroduction:
Fluorescent labels are used for a range of applications including immunosorbent assays|1,

2], immunocytochemistf@-5], flow cytometry[6, 7] and DNA/protein microarray analysis[8, 9]
Fluorescence is preferred because it combines high sensitivity with a lowofirdigtection
(LOD)[10-12]. Current research in biomedical diagnostics is moving to inexgendsvices,

using biochips that require small samples volumes with minimum sample mawipw@at high
reliability under various experimental conditions. To meet this new demand, fludrésicels

with improved physical and chemical properties are required: for example, hightphibitgs

and fluorescence intensity, with a reproducible signal under a variety ofagieand biological


http://ees.elsevier.com/tal/viewRCResults.aspx?pdf=1&docID=11549&rev=1&fileID=271948&msid={60210C19-4007-40E9-93E9-087F1457C73A}

conditions. Dye-doped silica nanopatrticles[13-15] (NP) stand out as excellent candidaiss as it
possible to dope silica NPs with a large number of fluorophores, increasing thkitoedcence

of the label significantly[16, 17]. Moreover, the fluorophore is protected insklica matrix,
thereby increasing photostability[18, 19] and quantum efficiency[20, 21]. SilicaakPalso
relatively non-toxic, chemically inert, and can be prepared in a range of sizek[2B0
relatively easy to functionalize silica NP with bioreactive groups thatblendacile
bioconjugation[16, 22, 23]

We have found inconsistencies amongst bioassay data obtained using the same silica NP
label with the same capture antibody but prepared using different biocoojugabttocols.
Moreover, each step in the conjugation process modifies the zeta potentia NPththus
affecting colloidal stability. We believe this is a significant stumbling blocthe development
of silica NP labels. In 2006, Tan and colleagues[16] proposed a way of improvinglaolloi
stability of silica NPs through the addition of a negatively charged non-reamtganosilane
alongside the bioreactive organosilane. In this paper we extend this work and show the
significance, both for colloid stability and for assay performance, of theelobithe bi-linker,
used to conjugate the detection antibody to the functionalised NP. There areamamgrcially
available bhi-linkers, for example glutaraldehyde[7], adipic acid[24], and succiniclaadi22,

25]. Using glutaraldehyde, the biomolecule of interest is immobilized direddySchiff base
formation. In many other cases additional chemicals are required for activation.

While a lot of work has been published on the functionalization of silica NP avit
reactive organosilane[16, 26], to our best knowledge, no systematic studies have beed repor
for the optimization of the linker chemistry. There is a great chofceommercial hetero- or
homo-functional linkers available; however, their effect on NP stability, agipagaolubility
and efficiency of bioconjugation is poorly documented. This is striking, particulanign
considering that this is the actual layer “sensed” by the molecule to be labeled. Furthermore, in a
sensitive and functional bioassay, a NP labeled biomolecule must retaiedificspinding to
analyte, while keeping the non-specific adsorption (NSA) on the substrate tairaum.
Therefore, the focus of this work is to investigate the effect of therliok NP stability and the
performance of NP labeled molecules in a sandwich immunoassay. In particular, thendOD
sensitivity was determined for the detection of human IgG.

For this study, three monovalent bilinkers (Glutaraldehyde, Sulfosuccinimifiyil 4-
maleimidomethyljcyclohexane-1-carboxylate  (sulfo-SMCC) and  N-Sulfosuccinimidyl[4-
iodoacetyllaminobenzoate (sulfo-SIAB)), and three multivalent linker molecules (jchensr

generations 0, 1 and 2) were selected for the bioconjugation of NPs with aggilddditivalent



dendrimers are attracting a great deal of interest for applications in ba@ahdiignostics[27-

30], pharmacology / drug delivery[31, 32] [33], cancer research[34], and nanomedicine[35]. Their
use in research is still unabated now, 30 years after their first repgriteesis by Vogtle[36]
Dendrimers are branched, structurally appealing, monodispersed compounds with a well-defined
structure, in which the number and functionality of the functional groupseaailbred for the
specific bioconjugation required. In this work we show that the multivelehdendrimers leads

to a higher efficiency in bioconjugation of detection antibodies and an improveg assa
performance. Such improvements are necessary for reducing costs in medical diagnostics,
particularly where large numbers of samples are tested.

In this work we use near-infrared dye-doped silica NPs. At near infrared wawslengt
there is low background interference from the fluorescence of biological utedesolvent, and
substrates. Furthermore, whole blood has a weak absorption in the NIR region, thus a@ucing
need for whole-blood filtering for assays using whole blood. NIR light can also penetrate skin and
tissue to several millimeters and this can enable fluorescence detectiomatalegical or in-
vivo diagnostic devices.

The three bivalent linkers used in this study are shown in the top halfuoé fig The
structure and mechanism for attachment of the carboxylic acid terminated dendrimers i;ishown
the bottom half of figure 1. Nanoparticles were characterized using transmeisicinon

microscopy and dynamic light scattering.

Experimental Section

Materials.

Triton ® X-100 (trademark Union Carbide), n-hexanol (anhydrous, >99%), cyclohexane
(anhydrous 99.5 %), ammonium hydroxide (28 % isOH> 99.99 %), tetraethylorthosilica
(TEOS, 99.99 %), aminopropyltrimethoxysilane (APTMS, 97 %), aminopropyltriethoxysilane
(APTES, 99 %), 3-(trihydroxysilyl)propyl methyl phosphonate, monosodium salt golutio
(THPMP, 42 wt % in water), absolute ethanol, monobasic sodium phosphate, dibasic sodium
phosphate. phosphate buffered saline (PBS, pH 7.4, 0.01 M), Twaer(t&ademark Unigema),
glutaraldehyde (25 wt % in water), sodium azide (99.99 %) and albumin from bErinem
(BSA, 98 %) were all purchased from Sigma Aldrich Ireland, sulfo-SMCC and sulfo-B&%&
purchased from Pierce Chemical Company, dendrimers generations 1 and 2 were purchased from
Frontier Scientific UK and used without further purification. Dendrimer ggimen 0O was
synthesized in two simple steps starting from cyanuric chloride as startirgahand purified

on silica gel chromatography column prior to use[37]. Black 96 well plagesi in the



immunoassay were purchased from AGB Scientific Ireland. Deionised water (<(X)8nsls
obtained from a Milli-Q system from Millipore Ireland.

The dye wused in this work is 4,5-Benkeethyl-3,3,3',3"-tetramethyl-(4-
sulfobutyl)indodicarbocyaniB~acetic acid N-succinimidyl ester, or more commonly referred to
as NIR-664-N-succinimidyl ester (purchased from Sigma Aldrich). This dye hasa@tum
efficiency of 23 %, a molar absorptivity of 187,000 L thom™* and fluorescence excitation and
emission wavelengths of 672 nm and 694 nm, respectively, in isopropanol[28]

I nstrumentation

TEM micrographs were obtained using a Hitachi 7000 Transmission Electron Microscope
operated at 100 kV. Images were captured digitally using a Megaview 2 G@aceSpecimens

were prepared by dropping aqueous solutions of the NPs onto a formvar carboncoppted

grid. Fluorescence measurements were performed on a Safire (Tecan) microplate reader. For
NIR-664-N-succinimidyl ester-doped NPs, the excitation and emission wavelengths wate set
672 nm and 700 nm, respectively. Dynamic light scattering (DLS) measurements Vi@magubr

on a Zetasizer from Malvern instruments to yield values of zeta potej)tfat the NPs.

M ethods

Synthesis of silica NPs

Firstly, 1.62 mg NIR-664-N-succinimidyl ester was dissolved in 2 mL anhydréexanol. To

this solution, was added APTES in ten molar excess. We prepared NPs containing 2Rvt % N
664-succinimidyl ester using the microemulsion method[34]. Briefly, the microemulsasn w
formed by mixing cyclohexane oil phase (15 mL), n-hexanol co-solvent (1.6 mL), ®itén

100 surfactant (3.788 g) and 2 mL of the dye conjugate in 30 mL plastic bottles. Following thi
0.2 mL of TEOS and 0.16mL of NJAH were added to start the growth of the silica NPs. The
reaction was stirred for 24 hrs, after which 0.1 ml TEOS was added withstapiag.After 30
minutes, 0.08 mL of the organosilane, 3-(trihydroxysily)propyl methyl phosphonate,
monosodium salt solution (THPMP), (42 wt % in water) was added with stimingevent
aggregation of the nanoparticles[18]. After a further 5 minutes, 0.02 mL of bigeeact
organosilane, aminopropyltrimethoxysilane, (APTMS) was added to and the solution stied for
further 12 hours. The APTMS has a free primary amine group for crosslinking to bioraslecul
The NPs were separated from the solution with the addition of excess absbartel etnd

centrifuged twice with ethanol and once with deionised water. Sonication eddetveen the



washing steps to resuspend the NPs. The NPs were dispersed in deionised water, Anr.0 mg
and stored in the dark a@ The NPs were characterized by Dynamic Light Scattering,

Fluorescence Spectrophotometer and Transmission Electron Microscopy (Fig. 2).

Synthesis of dendrimer GO.

Intermediate 1: To a pressure vessel containing 100 mL oCGNeOH (1:1), 2-Amino-2-
(hydroxymethyl)-1,3propanediol (3.9 g, 33 mmol) and Hunig’s base (8.4 g, 65 mmol) were
added. The mixture was cooled in an ice bath before addition of cyanuric chloride (3 g, 16 mmol).
The reaction was then allowed to warm up to room temperature and siirégtiiours before 4-
piperidine carboxylic acid (8.4 g, 65.2 mmol) and NH40OH (5 mL) were added. Theoreacti
mixture was then heated up to 60°C and stirred overnight. Upon cooling, the precipdates
filtered and the solvent was removed by evaporation. The residue was re-dissaliadri{20

mL) and acidified to pH = 4-5. Precipitates were formed, filtered off and washed e&tengih
water to give off-white powder (3.44 g, 47 % yield). This intermediate wasingbeé second
step without further purification.

Dendrimer GO: Intermediate 1 (0.5 g, 1.1 mmol) and diglycolic anhydride (3g, 16 i)
placed in a sealed vessel and irradiated in a CEM microwave at 300 W, 120°C for é&minut
Upon cooling, precipitates were formed, the whole mixture was dissolved én aad the pH
was adjusted to 4-5. The solution was concentrated and the residue was pursiédaogel
chromatography column with MeOH/GEll, (5:95) as an eluent to yield oily product (440 mg,
35% yield).

Bioconjugation

All bioconjugation reactions were performed with the NIR-NP at the NP coatentrof
2mg/mL, cross-linker concentration of 4 mM and with 268 of goat anti-human Ig@he
conjugation protocols were optimized for each linker with respect to the natitgerefctive
groups.

Glutaraldehyde (4mol) was added into a 1 mL solution of NIR-NP (2mg/mL) and gently shaken
for 1 hour. The excess of unreacted linker was removed by means of centrifugatiand 3ke
precipitates were dissolved in 946 of 0. 1 M PBS buffer, pH=7.4. To this solution, p# (268

ug) of goat anti-human 1gG was added and the mixture was allowed to shake for 4 hours. The
excess of the unreacted protein was removed by repeated centrifugation (4x) amdlthe f

bioconjugation product was dissolved in 1 mL of 0.1 M PBS buffer, pH=7.4. Sodium azide



(NaN;), as an anti-microbial agent was further added into the mixture so thdinats
concentration reached 0.01%.

The bioconjugation reaction using the heterofunctional linkers comprised two Firspissulfo-
SIAB or sulfo-SMCC (4mol) were allowed to react with 1 mL of a solution of NIR-NP
(2mg/mL) in 0.1 M PBS buffer, pH=7.2, containing 5 mM of EDTA for 30 minutes, afteahwh
the excess of the linker was removed by centrifugation. Second, 2-IminothitTari26.8 nmol,
Traut’s reagent) was reacted with goat anti-human IgG (268.g, 1.68 nmol) in 25QL of 0.1 M
Phosphate Buffered Saline (PBS) buffer, pH=8.0, containing 5 mM of EDTA for 1 hour, after
which the excess of the unreacted iminothiolane was removed using a Zeba deshltimy
(Pierce Chemical comp.).

Both fractions were subsequently mixed together in a reaction vessel for 4viuileskeeping
the total volume of the solution to 1 mL. The reaction mixture was then purifiedpeated
centrifugation (4x) and re-dissolved in 0.1 M PBS buffer, pH=7.4, 0.01%.NaN

The —COOH groups of all three generations of the dendrimers were first activated wi
EDC/NHS mixture in 0.1 M ZN-morpholino)ethanesulfonic acid (MES) buffer, pH=6.3 before
reacting with the protein. For example, Gug#bl, 7x -COOH) was dissolved in 0.5 mL of MES
buffer. To this solution, NHS (4@mol, 1.5 equiv. per one -COOH group) and EDC (.68,

6.0 equiv. per oneCOOH group) were added, the final volume was adjusted to 1 mL with MES
buffer and the reaction was allowed to proceed for 30 minutes. The NHS actieatkimer was
then directly added into the NIR-NP (2mg/mL), while keeping the total volomie mL. This
mixture was allowed to react for 30 minutes; subsequently the excess ofrsfiegiaendrimer
was removed by centrifugation. The dendritic-modified NIR-NP were re-dexsatv946uL of
MES buffer, pH=7.0 and goat anti-human IgG (485 54 uL from stock) was added. The
reaction was allowed to shake for 4 hours, then@l00f sodium bicarbonate buffer at pH=9.0
was added to hydrolyze the remaining NHS esters into carboxyls and the miatuperrified by
centrifugation (4x). The NIR-NP IgG bioconjugate was re-dissolved in 0.1 M PBS buffer,
pH=7.4, with 0.01 w/v % Nahand 0.5 w/v % of BSA.

All reactions in which NIR-NPs were used were performed under reduced light (restgmis
wrapped up in aluminum foil) to prevent photo-bleaching and all final samplesstored in the

dark at 4C overnight before they were used in the immunoassay.

Fluor escence linked immunosor bent assay (FL1SA)



A sandwich assay format was used to test the performance of the NPs conjagated t
human IgG through the linkers shown in figure 1. In the first stepullG8f polyclonal goat-anti
human IgG, at g / mL was added to each well of a standard 96 well microplate. Thenalate
then incubated overnight at 4°C. To remove any non-adsorbed antibody the plate waknéesed t
times with PBS and three times with PBS/0.05 % w/v TWeéfo prevent non-specific
adsorption, 20QiL of 1 % w/v Bovine Serum Albumine (BSA) in PBS was added to each well
and the plate incubated at 37 °C for 1 hour. The rinse cycle was then repeated. Fah@ying
100 L aliguots of human IgG in 0.1 % w/v BSA were added in a series of dildtioms10,000
ng / mL to 0.01 ng / mL to each well and the plate incubated at 37 °C for 1Ti®urinse cycle
was repeated to remove any non-specifically bound human 1gG. Finallyul1@lquots of
polyclonal goat anti-human IgG conjugated NPs at optimized value of 0.2 mgdatdrngined
by an assay performed at saturated levels of both the captured antibody (30L) and the
antigen (10,000 ng / mL) by varying the concentration of the detection antivedy)added to
each well and the plate incubated for a further hour at 37 °C in the dark. Prior to analysis the plate
was rinsed one more time.

The fluorescence signal including standard deviation at each concentration of @nan |
was determined from seven replicate experiments. The complete assay was fittedstesiagrd
sigmoidal logistics fit (see below, left hand side) and the low concentrafidnsman IgG were

fitted using an allometric power function (see below, right hand side)[38].

Fo—F m
Fczw_k Fmax FC — F0+k(|9]

1(%,)"

where, Where, Fis the fluorescence at antigen concentration,@ the background
fluorescence, ki« is the maximum fluorescence at the highest loading of antigen, p is the power,
and G is the point of inflection. For the allometric function, k and m are the coefficient and
power variables that define the gradient of the fit and | normalizes the fit with antigen
concentration.

The LOD of human IgG was defined as the concentration corresponding to a
fluorescence signal 3 times the standard deviation of the background signal. Ttidtgeridhe
assay (change in fluorescence signal with concentration of human IgG) wasiredeat a range

of concentrations through differentiation of the allometric power function.



Results and Discussion

1. Effect of the crosslinkers on colloidal stability

Maintaining a high degree of monodispersity of the dye-doped nanoparticles is
fundamental to successful bioassays. Current approaches to prepare colloidal soltititos w
polydispersity index are mostly based on electrostatic interactions. The post-syntheti
modification of the particle surface with charged species (e.g. phosphatesyharacids etc.)
is not only aimed to provide some sort of reactive handles but primarigdtae the particle
aggregation[39]. While the biomolecules of interest that are to be linked heithanoparticles
are usually charged species (proteins, ssDNA etc.) and have stabilizing effect on the
bioconjugates[40], little attention was paid to the effect of the crosslinked in the step
preceding the reaction with the antibody. As seen in figure 3, monovalent linkersaldehgde
and sulfo-SMCC had actually a destabilizing effect on the NP with the tendenfmymo
aggregates. Sulfo-SMCC showed two different populations, the first transiti@sponding to
the formation of trimers or tetramers, with an average diameter of 275 nm, and the second
corresponding to larger aggregates with polydispersed characteristics. @onthary, NPs
modified with the multivalent dendrimef81 andG2 showed only a small increase in particle
diameter. The zeta potential increased from -29.8mV to -47.9mV and -46.0n®4 fand G2,
respectively. The colloidal stability of dendrimer coated NPs is due to the cignifncrease in
the ¢ potential on addition of the linker. This is because the NHS ester activaigosgon the
dendrimer are susceptible to hydrolysis, which leads to the formation of carboxylgsghat
are negatively charged at physiological pH. Therefore, the electrostatic ararde NP is
increased and colloidal stability is maintained.
Immobilization of a model protein, Green Fluorescent Protein (GFP), on theiedddP surface
seemed to have little effect on the zeta potential of the NP modifiedhgitthargeds1 andG2,

while the changes in case of neutél andsulfo-SM CC were more dramatic (figure 3B).

2. Optimisation of bioconjugation

As noted in the Experimental section, the bioconjugation of the GFP on the dentiddiéed
surface was performed via a well-known technique for the conjugation of carlmoayhibe
groups in peptides and proteins. The reaction between carboxylic acids and amines tblerm st
amides is commonly facilitated by an addition of a carbodiimide, such as 1-HiBwyl-3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC). However, EDC itself is not

particularly efficient in crosslinking because in the first step it foamsinstable O-acylisourea



ester that is prone to fast hydrolysis and regeneration of the carboxyl. Theytiaracids of the
dendrimers were therefore activated in the presence of a mixture of N-hydroxysuccinimide (NHS)
and a dehydrating agent, EDC. NHS/EDC mixture is commonly used to ce®@€H groups

to semi-stable amine reactive NHS-esters. We realized that the avgilahdithe lifetime of

the NHS esters on the dendritic linker would determine the reaction efficand yields in the
conjugation with the biomolecule that needs to be labeled. The activation reethideiDC and

NHS is most efficient at slightly acidic pH and usually performed in MESebw#t pH 4.7-
6.0[41,42,27]. With that in mind, we decided to explore on the effect of some attieles
present in the EDC/NHS activation step such as the molar excess of N@®Qét group, the

ratio of the EDC/NHS co-reactants and the reaction time needed for the COCQiti@ctivl he
optimum balance between the rate of aminolysis and the hydrolysis of the dehdritic
succinimidyl esters was very important for maintaining high actanty specificity of the labeled
antibody towards the antigen in the immunoassay. Green Fluorescence Protein §&EBgavas

a model protein in the conjugation to the dye-doped nanoparticles under various conditions. The
coupling efficiency was then determined by means of fluorescence with theieraitaximum

at 398 nm and emission maximum at 508 nm, far from the fluorescence maxima of thNeHIR-
After much experimenting with various parameters, the optimal conditions were fodrréa

as follows: reaction medium 0.1 M MES buffer, pH = 6.0; activation time30 minutes; two

fold molar excess of NHS reagent per COOH group and 4:1 ratio of EDC:NHS (Fig. 4).

3. Concentration of the biomolecule

Another very important parameter in the bioconjugation protocol is the dostiem of
the biomolecule that will comprise a monolayer on the NP surface. This amoustiaky u
estimated and depends upon factors such as the molecular weight of the proteiatives rel
affinity for the particle and the patrticle size[43]. While the amount okpraoequired to achieve
surface saturation can be calculated, the actual protein concentration madtienr may be
substantially higher than the “monolayer = 1 equivalent of protein” value. The optimal value is
usually given by the coupling efficiency, concentration of the target moleculdbexachount of
the non-specific binding and is usually determined experimentally. Therefore, wedi¢gid
investigate the effect of the concentration of the protein on the reactioh We compared the
coupling efficiency of two linkerssulfo-SMCC andG2, in the bioconjugation reaction using a
model protein, green fluorescence protein (GFP). The reactions were carr&dvenidifferent
concentrations of the GFP. First, the reaction was run with the amouriPofépresenting 1.5

equivalent of the theoretical value necessary for surface saturation, aral skeand reaction



was performed using 3.0 equivalents. Figure 5 shows the effect of the increased camterfitrat
GFP from 1.5 to 3.0 equivalents on the conjugation efficiency. The normalizedsitaoce
signal forsulfo-SM CC nearly doubled at the higher GFP concentration (3.0) when compared to
the lower GFP concentration (1.5). Nevertheless, it was still significlnter than the signal
observed for the multivaler®2 linker, and that applied even for the case whenGBesample
contained only 1.5 equivalents of GFP. It is also noteworthy that the difference=ebetve
conjugation efficiency of the tw&2 samples were very small. It suggests that the multivalency
of the dendrimer is a significant factor responsible for the improvement iredlcdon yields

even at lower protein concentration. This is very important, particularly when congidles

cost of the bioorganic material that is used in bioconjugation reactions.

4. Fluorescence-Linked Immunosorbent Assay

In order to test the performance of the dye doped silica NPs, we carried out a standard
fluorescence-linked immunosorbent assay for the detection of human 1gG. We sessdivich
assay format, in which the capture and detection antibodies were polyclonal goatnaauti IgG.

Seven different NP assays were performed using each of the mono- or alahii-hilinkers. As
seen in figure 6, all assays showed standard sigmoidal behavior, excludimyedBReed using

G2 dendrimer, where the signal did not saturate at high concentrations. This response i typical
multilayer adsorption and may be due to the poor solubility exhibitethrggr dendrimeric
structures. The normalized fluorescence ratio, at the highest concentration ah hg@
(FmayFo) for multivalent NP labels was significantly greater than the fluorescecitieved from
labels prepared using monovalent linkers (Figure 6 and table 1).

As seen in table 1, all the multivalent labels showed lower LOD than the menbval
linkers. Moreover, the LOD for G1 dendrimer was lower by two orders of magnitude than that for
the popular and routinely used homofunctional linker glutaraldehyde. Therefesesavisitized
through the multivalent linkers are sensing lower concentrations of antigen anterustind
more efficiently to the antigen coated surface. From the work presented herein on the
bioconjugation of GFP and other studies, it is likely the multivalent NPs aredcaith several
detection antibodies. This would increase the number of binding sites per labaksingrthe
reactivity of the label. Furthermore, because the footprint of a single NPidabiginificantly
larger than the diameter of antigen, it may be possible for two antigens tokansingle NP at

the same time. The LOD for the dendrimeric NPs compares favorably with publishezhdae



detection of biotinylated hlgG using avidin labeled silica NPs, where an LOD ofjX.tnL was
observed[25]

For all three labels prepared using dendrimeric cross-linkers the assay showed good
sensitivity at low concentrations of human IgG, with G1 showing the best respdéaggesume
that the main reason why G2 dendrimer was outperformed by its smallerateuiticounterparts
is due to its increased capacity to capture the protein at mubigdédns, which can then restrict
the binding capability of the labeled-antibody. Nonetheless, for NP labglarpde using the
monovalent bilinker no sensitivity was observed at concentrations of human 1gG belgw
mL. At higher concentrations all samples showed good sensitivity.

Conclusion

Successful detection devices for biomedical diagnostics frequently requiresdmgitivity and

low LOD. Moreover, a device for point-of-care diagnostics must be both inexpensive ane reliabl
under a variety of experimental conditions. The data presented in this paper focuseg- on fi
tuning the bioconjugation protocol in the labeling of biologically relevant mateitia NPs. We
employed two types of linkers: monovalent linkers (glutaraldehyde; sulfo-SMCC; #od su
SIAB), and three generations of dendrimers with multivalent carboxylic funatypnahe NPs
prepared using dendrimer generation 1 showed a significantly lower LOD and highevigensiti
than the homo- and hetero-functional crosslinkers. The difference in performanceiikatds
particularly when compared with glutaraldehyde, one of the most common crosslitiker sti
employed by many research laboratories. We believe the multivalency of the dendyiomes of

the most significant factors behind the increase in the detection senshiwitgvealed in this
work, dendrimers have a positive effect on NP stability and aggregation. Monb@yeare more
reactive with biological materials, capable of immobilizing antibodthatappropriate surface
density while maintaining its activity to the analyte of interest. Tipesperties are required for
managing cost, in the design and implementation of biomedical devices, where expensive
biological materials are necessary. Dendrimers are structurally appealinqulemldtat have
already shown their high potential in the surface science of bioassay devices anddthis st
confirmed that they are emerging as a powerful tool for the labeling of biorfedeou

biomedical diagnostics as well.
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Figure(s)

Figures

Figure 1 Monovalent and multivalent cross-linkers used in this work. Inset incireoon view of
dendrimer depicting the activation of the carboxylic acids and thedwpeting reactions occurring on the
carbonyl group.

Figure2 A TEM micrograph of dye doped silica NPs approximately 71 +/- 4mtmtal diameter.

Figure 3 Dynamic Light Scattering data showing the rate of NP aggregation (A) est eff the
corresponding linker attached to its surface; and (B) change in zeta poteatfalrasion of the change on
the surface of the NPs

Figure 4 Normalized fluorescence intensity measured after immobilization of Greereftamt Protein
onto the NP surface. Optimal conditions were determined by (#)yying the stoichiometric ratio between
EDC / NHS for the activation of G2 dendrimer for 30 minutes, falldvby: (B)— variations in the
activation time of the G2 dendrimer at the optimum EDC/NHS ratio (4:1).

Figure 5 Normalized fluorescence intensity measured after immobilization of GreereBt@mt Protein on
the NP surface modified with sulfo-SMCC and the G2 dendrimehésetreactions, both the amount of the
NIR-NP and the cross linker were kept constant, and the concentration of thev&sR.5 or 3.0
equivalents respectively. 1 equivalent represents an amount of proatgi) (hat is necessary for a surface
saturation of 1mg of the nanoparticles. This value was calculated accorthiegfdomula in ref. 36.

Figure 6 Fluoresence linked immunosorbent assays for the detection of higGnusitayalent and
multivalent bilinkers.
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Table(s)

Tables
Multi-valent linkers monovalent Linkers
Dendrimer generations Homo- Hetero-
0 1 2 Glut SMCC SIAB
Fmax/Fo 29.67 47.34 52.13 8.43 16.37 17.98
CV% (no analyte) 8.19 10.95 14.06 17.90 11.34 4.40
X(LOD (ng/mL) 1.66 0.31 2.67 41.96 7.55 7.09

Table 1 The total fluorescence signal over background fluorescence signal, F/Fmedmiith coefficient
of variance, and LOD results for each linker in the fluorescence linkedimmsorbent assay for detection
of human IgG



